A colorless strain of Xanthomonas pruni was isolated which is capable of converting tryptophan to nicotinamide adenine dinucleotide (NAD). The enzymes responsible for the conversion of tryptophan to quinolinic acid were shown to be present. Nicotinic acid-requiring mutants were isolated, and it was found that the growth of these mutants can be supported by various intermediates on the pathway from tryptophan to NAD. The first three enzymes on this pathway are induced coordinately by L-tryptophan. Gratuitous inducers of these enzymes include Dtryptophan, a-methyl-DL-tryptophan, and 4-methyl-DL-tryptophan; formyl-Lkynurenine and L-kynurenine were not effective as inducers. These data suggest that at least the first three enzymes in the pathway from tryptophan to NAD are under common regulatory control.
Xanthomonas pruni is the only bacterium known to possess the ability to convert tryptophan to nicotinyl derivatives. Previous studies which have established that there is a tryptophan-nicotinic acid pathway have been based upon the ability of tryptophan to replace the nicotinic acid growth requirement of X. pruni (5, 17) and upon the conversion of "C-labeled tryptophan to l<: labeled nicotinic acid by intact cells (23) . The pathway from tryptophan to nicotinamide adenine dinucleotide (NAD) in higher animals has been established (4), and does not involve free nicotinic acid as an intermediate (Fig. 1 ). It has long been known that tryptophan can also replace the nicotinic acid requirement for the growth of the mold Neurospora crassa (2) , and presumably the same pathway for NAD biosynthesis operates in this microorganism. The yeast Saccharomyces cerevisiae has also been shown to convert tryptophan to NAD through a pathway which involves the intermediates shown in Fig. 1 (1). More recently, Lingens et al. (10, 12) have shown that Streptomyces antibioticus can convert IC-labeled tryptophan to "4C-labeled 1 Part of a thesis submitted by Albert T. Brown in partial fulfillment of the requirements for the Ph.D. degree. 2Present address: National Dental Institute, Bethesda. Md.
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nicotinic acid, whereas several species of Pseudomonas cannot.
This paper presents evidence for the mechanism of the conversion of tryptophan to NAD in a colorless strain of X. pruni. Although xanthomonads in general are characterized by a yellow carotenoid pigment (18) , we have observed the spontaneous appearance of a colorless strain when X. pruni is grown at 32 C in a defined liquid medium. The close relationship between the pigmented and colorless strains of X. pruni is presented. In addition, we present evidence for the coordinate induction of three of the enzymes which are responsible for the conversion of tryptophan to NAD in the colorless strain of X.
pruni.
MATERIALS AND METHODS
Isolation of the colorless strain of X. pruni. The original culture of X. pruni was obtained from the American Type Culture Collection (XP 10017). The colorless strain of X. pruni was isolated from a logphase culture of strain XP 10017 which was growing at 32 C in the liquid hydrolyzed casein medium described by Starr (17 Growth studies. Test tubes (17 X 50 mm) filled with 10 ml of medium were shaken rapidly with a circular motion to provide a vortex for aeration. The temperature was 32 C. The inoculum consisted of cells which had been harvested by centrifugation and washed three times with 10 ml of 0.9% saline. After the final washing, the cells were resuspended in enough saline to attain an absorbance of 0.300 at 540 nm, and 0.10 ml of this suspension was used to inoculate each test tube. Growth was measured turbidimetrically in a Bausch & Lomb Spectronic-20 colorimeter at 540 nm.
An absorbance of 0.600 corresponds to 180 1g of bacteria (dry weight) per ml at 540 nm.
Preparation of cell-free extacts. Cells of the colorless strain were grown in 1-liter cultures of MGGS medium at 32 C with constant shaking. In various experiments, the MGGS medium was supplemented with L-tryptophan, N-formyl-L-kynurenine, or Lkynurenine in concentrations of 0 to 100 Mg/ml. After the cultures reached late log phase, the cells were harvested by centrifugation and washed twice with tris -(hydroxymethyl)aminomethane (Tris) -hydrochloride buffer (pH 7.4). The cells were suspended in two volumes of the same buffer and were ruptured in a French pressure cell at 18,000 psi. The ruptured cell suspension was centrifuged at 37,000 X g for 25 min at 4 C, and the supernatant fluid was stored at -25 C.
In the experiment to determnine the rate of induction of the various enzymes, a 10-liter culture was grown on MGGS medium in a 20-liter carboy under forced aeration until the cells were in mid-log phase. At this point, L-tryptophan was added to produce a final concentration of 100,ug/ml, and incubation was continued.
Preparation of antisera. Washed cells of X. pruni XP 10017, the colorless strain of X. pruni, or P. aeruginosa were suspended in physiological saline solution containing 0.3% formaldehyde at a final cell concentration of 109 cells/ml. A group of three rabbits was injected with one of the cell suspensions according to the procedure of Campbell et al. (3) . After the monthlong injection schedule was completed, 25 ml of blood was removed from each rabbit by cardiac puncture. The serum was separated from the whole blood and stored at -25 C.
Agglutination studies. Agglutination was deter- Wild-type cells of the colorless strain were grown in 10 ml of MGGS medium until they reached log phase. The cells were centrifuged and resuspended in 0.5 ml of 0.9% NaCl. N-methyl-N'-nitro-N-nitrosoguanidine was added to a final concentration of 0.11%, and the suspension was incubated at 32 C for 20 min without shaking. The cells were centrifuged, washed once with 9.0 ml of 0.9% NaCl solution, and resuspended in 5.0 ml of the same solution. Portions of 1 ml were used to inoculate 9.0 ml of MGGS medium containing either tryptophan at a level of 0.1 mg/ml or nicotinic acid at a level of 0.05 mg/ml. The cultures were incubated at 32 C with shaking until they reached the logarithmic phase of growth. The cultures were then diluted with saline and plated on MGGS medium which was enriched with 4 ml of nutrient broth per liter and solidified with 2.0% Difco Purified Agar. After 72 hr of incubation at 32 C, the small colonies (presumptive auxotrophs) were transferred both to MGGS plates and to plates containing MGGS supplemented with either tryptophan (0.1 mg/ml) or nicotinic acid (0.05 mg/ml). The yield of tryptophan and nicotinic acid auxotrophs was low. In four separate experiments, 12 tryptophan auxotrophs and 10 nicotinic acid auxotrophs were obtained.
Enzyme assays. All of the enzyme assays were carried out at room temperature (approximately 25 C). In all cases, the assay volumes were 1.5 ml. Unless otherwise specified, the reaction blanks contained all of the assay components except the substrate; reactions were begun by the addition of substrate. All spectrophotometric assays were performed in a Gilford 2000 recording spectrophotometer. For each enzyme, one unit of enzymatic activity was defined as the amount necessary to form 1 nmole of product per min at 25 C. Specific activity was expressed as units per milligram of protein.
Tryptophan pyrrolase (EC 1.13.1.12). Activity was assayed by a modification of the method described by water to make the total incubation volume 1.5 ml. Kynureninase (EC 3.7.1.3). Activity was assayed by a modification of the method of Knox (9) . The disappearance of kynurenine was followed continuously at 365 nm. The appearance of anthranilic acid was also followed at 310 nm. The incubation mixture contained: 0.001 M L-kynurenine, 0.20 ml; 0.2 M Tris chloride buffer, pH 7.4, 0.40 ml; enzyme, 0.15 ml; and enough water to make the incubation volume 1.5 ml.
3-Hydroxykynureninase. Since L-3-hydroxykynurenine has an absorption maximum at 365 nm and 3-hydroxyanthranilic acid has an absorption maximum at 315 nm at neutral pH (12), a spectrophotometric assay was developed which would measure the conversion of L-3-hydroxykynurenine to 3-hydroxyanthranilic acid and alanine. The decrease in absorbance was followed continuously at 365 nm. The incubation mixture contained: 0.001 M L-3-hydroxykynurenine, 0.20 ml; 0.2 M Tris buffer, pH 7.4, 0.40 ml; enzyme, 0.15 ml; and enough water to make a final incubation volume of 1.5 ml.
Kynurenine-3-hydroxylase (EC 1.14.1.2). Activity was assayed by a modification of the method of Hayaishi (7) . The disappearance of reduced nicotinamide adenine dinucleotide phosphate (NADPH) was followed continuously at 340 nm. The incubation mixture contained: 0.001 M L-kynurenine, 0.10 ml; 0.001 M NADPH, 0.10 ml; 0.2 M Tris buffer, pH 7.4, 0.40 ml; 0.1 M KCI, 0.10 ml; enzyme, 0.15 ml; and enough water to make the incubation volume 1.5 ml. Since samples with high kynureninase activity will hydrolyze 3-hydroxykynurenine to 3-hydroxyanthranilic acid with an accompanying decrease of absorbance at 365 nm, the presence of 3-hydroxykynureninase in the crude extracts interfered with the measurement of kynurenine-3-hydroxylase. It was discovered that storage of the crude extracts at -20 C for 2 weeks resulted in the loss of 3-hydroxykynureniase activity. Assay of kynurenine-3-hydroxylase was therefore performed on extracts which had been stored for at least 2 weeks at -20 C.
3-Hydroxyanthranilic acid oxygenase (EC 1.13.1.6). Activity was assayed by a modification of the method of Ogasawara et al. (13) . First, 0.15 ml of enzyme was preincubated at room temperature for 2 min in 0.50 ml of a 0.003 M ferrous sulfate solution and a 0.0001 M cysteine solution to which 0.80 ml of 1 M Tris buffer, pH 7.0, was added. After 2 min, 0.10 ml of a 0.01 M 3-hydroxyanthranilic acid solution was added, and the resulting solution was immediately mixed. The formation of a-amino-,6-carboxy-cis-cismuconic semialdehyde was followed spectrophotometrically at 360 nm.
Chemicals. The following chemicals were purchased from Sigma Chemical Co., St. Louis, Mo.: L-tryptophan, DL-kynurenine, quinolinic acid, 4-methyl-DLtryptophan, 5-methyl-DL-tryptophan, 6-methyl-DLtryptophan, N-formyl-DL-tryptophan, N-glycyl-DLtryptophan, DL-tryptophan butyl ester, a-methyl-DL- RESULTS Isolation and characterization of the colorless strain of X. pruni. One of the classic determinants of the genus Xanthomonas is the yellow carotenoid pigment (18) . This pigment is located in the cytoplasmic membrane (19 As originally described by Starr, X. pruni could grow on a basal salts-sucrose medium with either glutamic acid or methionine, provided nicotinic acid was present (17). Davis et al. (5) showed that the nicotinic acid requirement could be replaced by tryptophan or by metabolites such as kynurenine and 3-hydroxyanthranilic acid. Surprisingly, the colorless strain showed no requirement for either tryptophan or nicotinic acid. When grown on a basal salts-glycerol medium, the only additional requirement was for glutamic acid. Methionine would not replace glutamic acid, but would enhance growth in the presence of glutamate. Apart from the pigmentation, both the parent strain, ATCC 10017, and the colorless strain appeared identical upon microscopic examination. Colonies of both strains had a characteristic gummy growth. To eliminate the possibility that the colorless variant was an unrelated contaminant, antisera were prepared to ATCC 10017 and to the colorless strain. As a negative control, antiserum to P. aeruginosa was also prepared. The agglutination of the three types of cells by the various antisera was tested. The results ( there was almost no cross-reaction between antisera to the above two strains and antiserum prepared against P. aeruginosa. Conversion of tryptophan to NAD by the colorless strain of X. pruni. Although the colorless strain of X. pruni has lost the requirement for nicotinic acid, it still retains the enzymatic mechanism for the conversion of tryptophan to NAD which has been postulated to be present in the parent strain as a result of studies with labeled tryptophan and kynurenine (23) . This has been shown in two ways. A number of nicotinic acid-requiring mutants were shown to respond to intermediates of the pathway from tryptophan to NAD (Fig. 1) . The response of two such mutants is shown in Table 2 . These results clearly establish that these intermediates can replace nicotinic acid as a growth requirement. Mutant Nla appeared to be blocked in the conversion of tryptophan to formylkynurenine, whereas mutant N3a appeared to be blocked in the conversion of formylkynurenine to kynurenine. These data suggest that all of the steps from tryptophan through quinolinic acid in the pathway from tryptophan to NAD shown in Fig. 1 are also present in the colorless strain of X. pruni. In addition to intermediates of the pathway from tryptophan to NAD, anthranilic acid also satisfies the nicotinic acid requirement of these mutants. Anthranilic acid was able to replace nicotinic acid in all of the mutants which were isolated. Since tryptophan does not support growth, this suggests that anthranilic acid enters this pathway by a mechanism which does not involve prior conversion to tryptophan.
To establish further the existence of the pathway from tryptophan to NAD, we measured the activity of each of the enzymes which are responsible for the conversion of tryptophan to quinolinic acid (Table 3 ). The enzyme levels were measured in unfractionated extracts of cells which had been grown in MGGS medium supplemented with 25 ,ug of L-tryptophan per ml. The kynureninase and 3-hydroxykynureninase activities presented in Table 3 do not necessarily imply that separate enzymes are responsible for these two activities, because the kynureninase isolated from Neurospora also hydrolyzes 3-hydroxykynurenine (8) . It should be noted that Jakoby and Bonner (8) found the activity of the enzyme toward kynurenine and 3-hydroxykynurenine to be in the ratio of 1.7:1.0. We found the ratio of kynureninase to 3-hydroxykynureninase to be 1.4:1.0 (Table 3) .
Induction of the enzymes of tryptophan to NAD pathway. Preliminary experiments showed that when cells were grown in the absence of tryptophan there was no detectable level of tryptophan pyrrolase. When L-tryptophan was added to MGGS medium, tryptophan pyrrolase activity was induced. In addition, the level of the following two enzymes in the pathway from tryptophan to NAD, i.e., kynurenine formamidase and kynureninase, was also increased. The activity of kynurenine formamidase was increased approxi- Figure 2 shows the response of the three enzymes to increasing levels of tryptophan in the growth medium. Each of the three enzymes was maximally induced by a concentration of 10 ,ug of L-tryptophan per ml of growth medium. These enzymes were not induced by either Nformyl-L-kynurenine or L-kynurenine. The kinetics of induction of the three enzymes are shown in Fig. 3 . A 10-liter culture was grown in MGGS medium until mid-log phase was reached. At this point, L-tryptophan was added to a final concentration of 100jug/ml. Growth was continued, and 1-liter portions were removed at intervals. The cells were harvested, cell-free extracts were prepared in the usual way, and the activities of the three enzymes were assayed. The data indicate that all three enzymes are induced at approximately the same time. The enzyme levels achieved after 90 min (maximal induction) were substantially higher than those observed when L-tryptophan was used to induce smaller cultures (Table 3 and Fig. 2 ). This difference is attributed to the slightly different culture conditions used in this experiment. Because of the large volume, the culture in this experiment was aerated under pressure, whereas the 1-liter cultures used in the other experiments were shaken on a rotary shaker. We have regularly obtained extracts containing enzymes of higher specific activity when cultures were grown under forced aeration.
These two facts, the simultaneous induction of the three enzymes by L-tryptophan and failure of N-formyl-L-kynurenine and L-kynurenine to induce any of the enzymes, indicate that these first three enzymes of the pathway from tryptophan to NAD are coordinately induced by L-tryptophan.
In addition to L-tryptophan, a number of tryptophan analogues are capable of inducing the same three enzymes. Table 4 presents a list of a number of these compounds which have been tested for their ability to act as inducers. DTryptophan, N-acetyl-DL-tryptophan, a-methyl-DL-tryptophan, and 4-methyl-DL-tryptophan all behaved as inducers when added to the growth medium at a concentration of 50 jig/ml.
The induction by D-tryptophan, a-methyl-DLtryptophan, and 4-methyltryptophan is apparently gratuitous, since these compounds are not converted to tryptophan within the cell. This is shown by two lines of evidence. These three compounds cannot serve as substrates for tryptophan pyrrolase and they do not replace the tryptophan requirement of tryptophan auxotrophs. Table 5 presents a list of compounds which have been tested for their ability to serve as substrates for tryptophan pyrrolase in crude cell-free extracts of the colorless strain of X. pruni. Activity was measured by the increase in absorption at 321 nm. Oxidative cleavage of the indole ring of any of these compounds would produce a derivative of formylkynurenine which would be expected to show an absorption maximum in the region near 321 nm. D-Tryptophan, a-methyl-DL-tryptophan, and 4-methyl-DL-tryptophan did not serve as substrate. In those cases where esters or amides of tryptophan were oxidized, it is not known whether the compound was first converted to tryptophan by hydrolytic enzymes in the crude extract or whether tryptophan pyrrolase is oxidizing the analogue. Unpublished studies carried out with tryptophan pyrrolase which had been purified about 10-fold showed that N-acetyl-DL-tryptophan was not oxidized. This indicates that the induction of the enzymes of the tryptophan to NAD pathway exhibited by N-acetyl-DL-tryptophan is a result of prior hydrolysis to tryptophan. 70 a Each compound was tested at a concentration of 4 X 10-M.
b Activity was measured by the increase in absorbance at 321 nm as described in the text. The analogue was substituted for tryptophan in the standard assay system.
The response of eight tryptophan-requiring mutants of the colorless strain to several tryptophan precursors and tryptophan analogues is shown in Table 6 . Mutant T-2 is blocked prior to anthranilic acid. Mutants T-3, T-4, and T-6 are blocked between anthranilic acid and indole, whereas T5, T-9, Tlo, and Ill are blocked at the tryptophan synthetase step. None of these mutants responded to D-tryptophan, 4-methyl-DL-tryptophan, or to a-methyl-DL-tryptophan. These data further eliminate the possibility that the induction caused by these compounds is a result of conversion of these compounds to Ltryptophan or of contamination of these compounds by small amounts of L-tryptophan. Cells were grown for 12 hr and turbidities were measured as described in Materials and Methods.
An alternative explanation for the inductive ability of D-tryptophan, ax-methyl-DL-tryptophan, and 4-methyl-DL-tryptophan is that these compounds are inhibitors of tryptophan pyrrolase and that they cause the accumulation of tryptophan within the cell. The accumulated tryptophan might then induce the enzymes. A direct estimation of the effect of these compounds upon the activity of tryptophan pyrrolase showed no inhibition of enzyme activity at concentrations up to 6.0 X 1031m (Table 7) .
DISCUSSION
The spontaneous loss of pigmentation by X.
pruni when grown on a minimal medium at 32 C has not been reported previously. Nonpigmented strains of normally yellow Xanthomonas sp. have been encountered on occasion, as cited by Starr and Stephens (18) . There are seven normally nonpigmented species of Xanthomonas listed in Bergey's Manual. Loss of a single enzyme in the pathway leading to pigment production would result in the production of a colorless strain of X. pruni. This colorless strain is very closely related to the parent strain by nutritional, biochemical, and immunological criteria.
The loss of pigment is also associated with loss of the nutritional requirement for nicotinic acid. The nicotinic acid requirement for X. pruni has never been completely reproducible. In the original report by Starr (17) , it was noted that occasionally growth occurred in medium that was supposedly free from both tryptophan and nicotinic acid. It is possible that spontaneous mutation to nicotinic acid independence occurs at high frequency in minimal medium. (14) . In another strain of P. fluorescens which metabolizes tryptophan through the quinoline pathway, Tremblay et al. (21) showed that the first four enzymes were induced sequentially. A third mechanism for the control of tryptophan degradation was demonstrated in P. acidovorans by Rosenfeld and Feigelson (15) . They showed that both tryptophan pyrrolase and kynurenine formamidase are induced by the product, kynurenine, in a noncoordinate manner. In X. pruni, it is clear that the first three enzymes responsible for the conversion of tryptophan to NAD constitute part of a regulatory unit. It is not known whether subsequent enzymes in this pathway are under similar control because their activities were not measured as a result of induction in a systematic way.
Our results concerning the induction of these enzymes in X. pruni are in conflict with the data reported by Saxton et al. (16) . These authors carried out a comparative study of the regulation of NAD biosynthesis by various microorganisms and reported that growth of X. pruni in the presence of 10-M tryptophan did not result in an increase in the activity of tryptophan pyrrolase. The results reported here (Fig. 2) show that maximal induction was obtained with 10,g of Ltryptophan per ml of growth medium (5 X 10-M). In the absence of inducer, the specific activity of the crude extract reported by Saxton et al. was 0.003 units/mg of protein, whereas we found it to be less than 0.05 units/mg of protein (the limit of our assay system). Saxton et al. It is generally accepted that the heme prosthetic group of tryptophan pyrrolase must be reduced to be functional (20) . We have observed that the activity of tryptophan pyrrolase from X. pruni in the absence of ascorbate is less than 5% of the value when ascorbate is added to the reaction.
The role played by tryptophan degradation is different in pseudomonads and in X. pruni. In the former, tryptophan may serve as a carbon source for growth of the organism. In the latter, tryptophan serves an an alternative source of NAD. Tryptophan cannot serve as the sole carbon source. In other microorganisms in which tryptophan may serve as precursor of NAD, i.e., Neurospora and Saccharomyces, the activity of tryptophan pyrrolase has never been measured in cell-free extracts, and there are no reports concerning the induction of this series of enzymes.
The lack of inhibition of tryptophan pyrrolase by a-methyl-DL-tryptophan (Table 7) is in contrast to the inhibition of the same enzyme from P. fluorescens (22) . Tremblay et al. found that tryptophan pyrrolase from P. fluorescens had a Ki for a-methyl-DL-tryptophan of 2.2 X 10-M. In studies to be published separately, we have found that ca-methyl-DL-tryptophan behaves as an allosteric activator of the enzyme from X. pruni.
